Py

The ISME Journal (2013) 7, 1582-1594

© 2013 International Society for Microbial Ecology All rights reserved 1751-7362/13

www.nature.com/ismej

ORIGINAL ARTICLE

Chemolithotrophic nitrate-dependent
Fe(ll)-oxidizing nature of actinobacterial

subdivision lineage TM3

Dheeraj Kanaparthi', Bianca Pommerenke’', Peter Casper* and Marc G Dumont'
'Department of Biogeochemistry, Max Planck Institute for Terrestrial Microbiology, Marburg, Germany and
*Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Department of Limnology of Stratified Lakes,

Stechlin, Germany

Introduction

Anaerobic nitrate-dependent Fe(ll) oxidation is widespread in various environments and is known to
be performed by both heterotrophic and autotrophic microorganisms. Although Fe(ll) oxidation is
predominantly biological under acidic conditions, to date most of the studies on nitrate-dependent
Fe(ll) oxidation were from environments of circumneutral pH. The present study was conducted in
Lake Grosse Fuchskuhle, a moderately acidic ecosystem receiving humic acids from an adjacent
bog, with the objective of identifying, characterizing and enumerating the microorganisms
responsible for this process. The incubations of sediment under chemolithotrophic nitrate-
dependent Fe(ll)-oxidizing conditions have shown the enrichment of TM3 group of uncultured
Actinobacteria. A time-course experiment done on these Actinobacteria showed a consumption of
Fe(ll) and nitrate in accordance with the expected stoichiometry (1:0.2) required for nitrate-
dependent Fe(ll) oxidation. Quantifications done by most probable number showed the presence of
1 x 10* autotrophic and 1 x 10”7 heterotrophic nitrate-dependent Fe(ll) oxidizers per gram fresh
weight of sediment. The analysis of microbial community by 16S rRNA gene amplicon
pyrosequencing showed that these actinobacterial sequences correspond to ~0.6% of bacterial
16S rRNA gene sequences. Stable isotope probing using '*CO, was performed with the lake
sediment and showed labeling of these Actinobacteria. This indicated that they might be important
autotrophs in this environment. Although these Actinobacteria are not dominant members of the
sediment microbial community, they could be of functional significance due to their contribution to
the regeneration of Fe(lll), which has a critical role as an electron acceptor for anaerobic
microorganisms mineralizing sediment organic matter. To the best of our knowledge this is the
first study to show the autotrophic nitrate-dependent Fe(ll)-oxidizing nature of TM3 group of
uncultured Actinobacteria.
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concentration of biologically available

Organic matter degradation in aquatic environments
such as wetlands or lake sediments is mediated
anaerobically according to the redox stratification of
the sediment with methanogenesis being the final
process (Ponnamperuma, 1972). Studies have shown
that Fe(IlI) reduction can suppress methanogenesis
and could contribute to the mineralization of a large
fraction of sediment organic matter (Roden and
Wetzel, 1996; Kiisel et al., 2008). Due to the high
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(Steinmann and Shotyk, 1997) and favorable limno-
logical conditions in humic-rich habitats, Fe(III)
reduction could act as a dominant terminal electron-
accepting process (Reiche et al., 2008) given a
continuous recycling of Fe(Ill) from Fe(Il) in the
sediment.

Fe(II) oxidation in natural environments occurs at
the oxic-anoxic interface by chemically reacting
with atmospheric O, or by aerobic Fe(II)-oxidizing
bacteria (Emerson and Revsbech, 1994; Edwards
et al., 2004). In the deeper layers of the sediment,
Fe(Il) oxidation is known to happen in the rhizo-
sphere of plants by root released O, (Frenzel et al.,
1999; Neubauer et al., 2007; Weiss et al., 2007) or in
the sediment by nitrate-dependent Fe(IlI) oxidation
by organisms growing either autotrophically or
heterotrophically (Straub et al., 1996; Benz et al.,


http://dx.doi.org/10.1038/ismej.2013.38
mailto:dumont@mpi-marburg.mpg.de
http://www.nature.com/ismej

1998). An increasing body of literature over the last
decade has shown that biogenic Fe(Il) oxidation
could have a more prominent role in iron cycling
than considered previously, especially in low-pH
environments (Lu et al., 2010; Liidecke et al., 2010).

Chemolithotrophic nitrate-dependent Fe(II) oxi-
dation was first reported by Straub et al., (1996) and
has been reported in various environments since,
primarily in lake sediments (Straub and Buchholz-
Cleven, 1998; Hauck et al., 2001; Muehe et al.,
2009). Although autotrophic nitrate-dependent
oxidation of Fe(Il) was observed in many natural
habitats, to date there are only two pure
cultures available: the hyperthermophilic archaeon
Ferroglobus placidus (Hafenbradl et al., 1996) and
the betaproteobacterium Pseudogulbenkiania sp.
strain 2002, which can alternatively grow autotro-
phically or heterotrophically (Weber et al., 2006).
Autotrophic nitrate-dependent Fe(II) oxidation is a
poorly understood process but could be of major
significance in anoxic cycling of iron in lake
sediments; however, due to the difficulty in cultur-
ing these organisms and lack of either functional
gene or 16S rRNA gene-based primers for this
functional guild, the ecology of these microorgan-
isms is difficult to investigate.

Lake Grosse Fuchskuhle is an acidic bog lake with
a high concentration of recalcitrant and high
molecular weight humic acids (Sachse et al.,
2001). The low pH of the sediment (pH 4.5),
complexation of Fe(Il) by organic matter (Theis
and Singer, 1974) and the ability of oxygen to
penetrate only the top few millimeters of the
sediment could greatly reduce the rate of abiotic
Fe(Il) oxidation (Stumm and Morgan, 1996). As a
result, we hypothesize that microbially-mediated
anaerobic nitrate-dependent Fe(II) oxidation in the
sediment could be contributing significantly to
Fe(Il) oxidation. The objective of this study was to
identify microbial groups involved in nitrate-depen-
dent Fe(II) oxidation in the littoral sediment of Lake
Grosse Fuchskuhle.

Materials and methods

Sampling

Lake sediment samples were collected in April 2010
from acidic dystrophic Lake Grosse Fuchskuhle in
the Brandenburg-Mecklenburg Lake District (Ger-
many). Lake Grosse Fuchskuhle is an artificially
divided lake with different pH values in the four
compartments. A main divergent factor is the inflow
of humic acids from an adjacent bog; the southwest
(SW) basin is the most acidic and the northeast (NE)
is the least (Koschel, 1995). Sediment samples were
taken by a gravity corer (Uwitec, Mondsee, Austria)
from the profundal and littoral of both the SW and
NE basins, but most experimental work in this study
focused on the SW littoral samples. The top 10 cm of
the sediments were collected using 6 cm diameter
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plexiglass cores. The sediment had a high concen-
tration of humic acids, which were visible from the
dark brown colour of the sediment and overlying
water. The collected sediment was composed
mainly of coarse particulate organic material
(mainly half-decayed leaves and small pieces of
wood). The pH of the SW littoral sediment was 4.5.
The concentration of Fe(IIl) and Fe(IIl) in the
sediment was determined using the ferrozine assay
(Stookey, 1970) and nitrate concentrations were
measured by flow injection analysis (Tecator,
Rellingen, Germany).

Enrichment of nitrate-dependent Fe(Il)-oxidizing
bacteria
The enrichment of nitrate-dependent Fe(Il)-oxidiz-
ing bacteria was done according to the procedure
described by Straub et al., (1996) with the exception
of using phosphate buffer, a pH of 4.5 and FeCl,
instead of FeSO, to prevent the growth of sulfate
reducing bacteria. The freshwater medium was
prepared as follows: NH,Cl (0.3g), MgS0,.7H,0O
(0.05g), MgCl,.6H,O (0.4g) and CaCl, (0.1g) buf-
fered by the addition of 100ml of 0.5Mm KH,PO, to
900ml of the above medium (final pH 4.5) added
after autoclaving and cooling to room temperature to
avoid precipitation. Filter-sterilized vitamins and
trace elements (Widdel and Bak, 1992) were added
to the medium after autoclaving. Oxygen was
depleted using a vacuum manifold and repeatedly
flushing the headspace with N, gas. Twenty milli-
liters of the medium was dispensed into 120 ml
serum bottles under a N, atmosphere in an anaero-
bic chamber (Mecaplex, Grenchen, Switzerland).
Different combinations of FeCl, (10 mwm), sodium
nitrate (4 mmM), sodium acetate (2.5 mm) and CO, (5%
headspace) were included in the enrichment med-
ium. The Fe(II)-EDTA stock was prepared by mixing
50mM EDTA with 100mMm FeCl,. One set of the
incubations was done without phosphate buffered
medium and the pH adjusted to 4.5 with HCL. A
volume of 1.5ml of Lake Grosse Fuchskuhle SW
littoral sediment was used as an inoculum. All
incubations were performed in triplicate and incu-
bated in the dark on a shaker (150r.p.m.) for 10 days.
A time-course experiment was performed to deter-
mine the ratio of Fe(Il) to nitrate consumed over a
period of 14 days. The experimental setup contained
the above medium with nitrate and Fe(II) with 1% of
the actinobacterial enrichment as inoculum. 5% CO,
was added to the headspace as the sole carbon source.
Samples for terminal restriction fragment length
polymorphism (T-RFLP) as well as for Fe(Il) and
nitrate measurements were taken every 24h. The
sediment filtrate was used for ammonia determina-
tions (Kandler and Gerber, 1988). Nitrate measure-
ments were done colorimetrically as described
previously (Hart et al., 1994). N,O was measured by
gas chromatography (Carlo Erba Instruments, GC
8000, Wigan, UK) using a °Ni-electron capture
detector.
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Enumeration of Fe(Il)-oxidizing bacteria by most
probable number (MPN)

An MPN method was used to enumerate the Fe(II)-
oxidizing bacteria according to the procedure
described previously (Straub and Buchholz-Cleven,
1998) with the above mentioned modifications. Two
sets of MPN tubes were incubated each in triplicate.
One set of tubes contained the phosphate buffered
freshwater medium (pH 4.5) with Fe(II) and nitrate
to enumerate autotrophic Fe(II)-oxidizing bacteria
and the other set of tubes contained phosphate
buffered freshwater medium, nitrate, Fe(II) and
acetate for enumeration of heterotrophic Fe(Il)-
oxidizing bacteria. The tubes were incubated for 12
weeks in the dark at 25 °C and gently inverted daily.
Tubes were scored positive based on the reduction
in the amount of Fe(II) and acetate in the respective
tubes compared with the uninoculated controls. The
Fe(Il) estimations were done using the ferrozine
assay (Stookey, 1970) and a standard MPN table was
used to calculate the cell numbers. DNA was
extracted from the positive tubes and (T-RFLP)
profiling was performed as described below for the
identification of the bacterial groups growing in the
tubes.

Stable isotope probing (SIP) experimental setup and
gradient fractionation
Time series SIP incubations were performed in
duplicate. Equal volumes of sterile deionized water
and sediment were mixed and 40 ml was dispensed
into 120 ml serum bottles capped with black butyl
stoppers. The bottles were made anaerobic by
flushing with N, and "CO, (Campro Scientific,
Berlin, Germany) was added to the headspace to a
final concentration of 5%. Control bottles contained
5% unlabeled CO,. All the bottles were incubated at
25°C on a shaker (150r.p.m.) in the dark. The
headspaces were renewed after every 4 days. Four
microliters of sample were collected from all the
incubation bottles after 3, 6 and 12 weeks. CO, and
CH, measurements were done by gas chromatogra-
phy fitted with a methanizer and flame-ionizing
detector. The ratios of **C and "*C were determined
weekly using gas chromatography isotope ratio mass
spectrometer. The collected sediment was centri-
fuged and the pore water was used for the analysis
of cations by ion chromatography and volatile fatty
acids by HPLC. The centrifuged sediment was
frozen in liquid N, and stored at —80°C until the
extraction of DNA. The pore water was used for the
analysis of volatile fatty acids. Nucleic acids were
extracted from the sediment using the Nucleospin
soil kit (Macherey-Nagel, Diiren, Germany).
Density gradient centrifugation of DNA (5.0 ug)
extracted from the incubated samples was per-
formed with a cesium chloride buoyant density of
1.72gml " subjected to centrifugation at 177000 g
for 36h at 20°C (Lueders et al., 2004). Cesium
chloride gradients were fractionated from bottom to
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top by displacing the gradient medium with nucle-
ase-free water using a syringe pump (Kent Scientific,
Torrington, CT, USA) at a flow rate of 0.45 ml min ",
generating 12 fractions per density gradient. The
density of each fraction was determined by refracto-
metry (Reichert, Depew, NY, USA). DNA was
recovered by PEG 6000 precipitation and dissolved
in 30 pl of nuclease-free water (Applied Biosystems,
Darmstadt, Germany).

The relative abundance of 16S rRNA genes within
gradients was determined by real-time PCR using
the SYBR Green JumpStart ReadyMix System
(Sigma, Taufkirchen, Germany) as described pre-
viously (Stubner, 2002). The assays were performed
using an iCycler instrument (Bio-Rad, Munich,
Germany) and the associated software.

PCR, cloning and sequence analysis

For cloning and sequencing 16S rRNA genes from
SIP experiments, PCR amplification was done using
the Ba27f and Ba907r primers, which generates a
product of ~900bp (Lueders et al., 2004). All the
PCR reactions were performed in 50 pl volume with
the following composition: 1 x PCR buffer (Pro-
mega, Mannheim, Germany), 0.2 mm MgCl,, 10 pmol
of each primer, 10 g of BSA (Roche, Mannheim,
Germany), 2U of GoTaq (Promega), 0.2 mm dNTPs
(Fermentas, St Leon-Rot, Germany) and 1pul of
template DNA. The PCR was performed on a
GeneAmp PCR system 9700 instrument (Applied
Biosystems) with the following cycling conditions:
94 °C for 4 min, 35 cycles of 94 °C for 1 min, 52 °C for
40s and 72°C for 1min, and a final extension for
10min at 72 °C. PCR products were cloned using the
pGEM-T Easy Vector System (Promega) and trans-
formed into E. coli ]IM109 competent cells according
to the manufacturer’s instructions. Twenty-one
clones each were randomly picked from heavy and
light fractions and sequenced. The phylogenetic
affiliation of the clones was done using the ARB
software package (Ludwig et al., 2004) and trees
were constructed using the neighbor-joining
method. Sequences were deposited in GenBank
with accession numbers KC540872 to KC540892.

T-RFLP

The PCR amplification of bacterial 16S TRNA genes
for T-RFLP analysis was performed as described
above, except that the Ba27F primer was labeled
with FAM (6-carboxyfluorescein). PCR products
were purified using Qiagen PCR Purification Kit
(Qiagen, Hilden, Germany). Approximately 100ng
of purified PCR product was used for restriction
digestion. Digestions were performed in a reaction
volume of 20 pl containing 1 x Tango buffer and 5U
of Mspl enzyme (Fermentas); reactions were incu-
bated at 37°C in an incubator overnight. The
reactions were processed using SigmaSpin Post
Reaction Clean-Up Columns (Sigma) and 2 pl of the



processed fragments were mixed with 11 pl of Hi-Di
formamide (Applied Biosystems), 0.3pul of ROX-
labeled MapMarker 1000+ 30, 40 (BioVentures,
Murfreesboro, TN, USA) and incubated at 94 °C for
3min and cooled on ice. The size separation was
performed using 3130 Genetic Analyzer (Applied
Biosystems). T-RFs shorter than 50bp were not
considered to avoid the detection of primers and
primer-dimers.

Pyrosequencing of bacterial 16S rRNA genes

DNA was extracted from littoral and profundal
sediment from both the SW and NE basins of Lake
Grosse Fuchskuhle using the Nucleospin soil kit
(Macherey-Nagel). Bacterial 16S rRNA gene PCR
products were amplified wusing the primers
343Fmod and 784Rmod as described previously
(Kohler et al., 2012). The PCR products were
sequenced using a Roche 454 GS Junior instrument.
Sequence analysis was performed using the Mothur
software v1.25.0 (Schloss et al., 2009). Processing of
sequences within Mothur, including denoising and
chimera removal, was performed according to the
standard operating procedure of the software devel-
oper. Briefly, sequences were screened by allowing 1
mismatch to the barcode, 2 mismatches to the
primer and a maximum homopolymer length of 8
bases. Sequences shorter than 200 bp were removed.
Chimeras were removed using uchime within
Mothur. Between 1047 and 3444 high-quality
sequences were obtained from each sample. Identi-
fication of Actinobacteria was performed using the
SILVA taxonomy and the classification was verified
by adding these sequences into the SILVA108
reference tree (Pruesse et al., 2007) by parsimony
within ARB (Ludwig et al., 2004).

Results

Fe(1l), Fe(Ill), nitrate and methanogenesis potential in
Lake Fuchskuhle littoral sediment

Duplicate sediment cores were collected from the
littoral zone of Lake Grosse Fuchskuhle and parti-
tioned into 5-cm sections to a depth of 30cm. The
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concentration of Fe(Il) and Fe(Ill) was determined
at each depth (Figure 1a). Although insufficient
replication of the data was available to calculate
the significance, the observed Fe(II) concentration
was higher than Fe(Ill) only between 5 to 20cm.
The concentration of CH, and CO, after an-
aerobic incubation for 7 weeks was determined
(Figure 1b) and greatest methanogenesis potential
was observed at the 15—-20cm depth. Nitrate was
detectable in small amounts in the hypolimnion
(4.0m;<2pmoll~") and also in sediment pore water
(2 umol1~1) (results not shown).

Enumeration and enrichment of nitrate-dependent
Fe(1l)-oxidizing microorganisms

A MPN enrichment assay was performed to estimate
the abundance of readily cultivable anaerobic
nitrate-dependent Fe(II)-oxidizing microorganisms
in the littoral sediment of Lake Grosse Fuchskuhle.
The assay was performed with either CO, or acetate
as carbon source to estimate potential autotrophic
and heterotrophic microorganisms. The assays indi-
cated the presence of 1 x 10* autotrophic and 1 x 10”
heterotrophic nitrate-dependent Fe(II)-oxidizers per
gram fresh weight of sediment.

A freshwater medium was used to enrich poten-
tial nitrate-dependent Fe(Il)-oxidizing microorgan-
isms from Lake Grosse Fuchskuhle littoral sediment.
After 10 days of incubation the enrichments were
characterized by T-RFLP fingerprinting (Figure 2).
The incubation with added Fe(Il), nitrate and CO,
(Figure 2b) resulted in an enrichment culture
characterized by a dominant T-RF of 146 bp. When
Fe(Il) or both Fe(II) and nitrate were omitted,
enrichments characterized by a dominant T-RF of
429bp were obtained (Figures 2c and d). When
nitrate alone was omitted, the dominant T-RF was
97 bp (Figure 2e). Finally, an enrichment character-
ized by a 437bp peak was obtained when acetate
was provided. The results of the various enrich-
ments were reproducible across triplicates (results
not shown). 16S rRNA gene cloning and sequencing
were performed to identify the 146 bp T-RF in the
enrichment. A total of 86% of the clones obtained
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Figure 1 (a) Depth-profile of Fe(II) and Fe(Ill) concentrations in Lake Grosse Fuchskuhle SW basin littoral sediment. (b) CH, and CO,
production during anaerobic incubation for 7 weeks. Values are means of duplicates and bars represent s.d.
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Figure 2 T-RFLP fingerprinting of bacterial 16S rRNA genes from different enrichment incubations. The enrichment conditions are
described in detail in the Materials and methods section. All enrichments were performed in triplicate and each produced similar
T-RFLP profiles, therefore a single representative is shown. (a) T-RFLP from the unincubated sediment; (b) freshwater medium
containing added Fe(II) as electron donor, NO; as terminal electron acceptor and CO, as carbon source; (c) as (b), but without added
Fe(II) and NO; ; (d) as (b), but without added NO; ; (e) as (b), but without added Fe(II); (f) as (b), but with acetate instead of CO, as carbon

source.

had the 146bp T-RF and a phylogenetic analysis
(Figure 3) indicated they belong to the uncultivated
TM3 group Actinobacteria (Rheims et al., 1996).
To our knowledge, no isolates from this group
have been identified and their physiology is
unknown.

Characterization of the Actinobacteria enrichment
culture

An enrichment of the TM3 Actinobacteria could be
reproducibly obtained by inoculation of the sedi-
ment into the enrichment medium. Dilution series
done from the enrichment showed the presence of
Actinobacteria and the oxidation of Fe(II) until the
10 * dilution, beyond which neither the growth of
Actinobacteria nor Fe(II) oxidation was observed.
Modifying the medium, for example by omitting the
phosphate buffer to avoid formation of white
precipitate (presumably iron phosphates), or the
addition of EDTA-chelated Fe(II) to simulate the
chelation by humic acids, failed to enrich the TM3
Actinobacteria.

The ratio of Fe(Il) oxidized to nitrate reduced by a
102 dilution of the enrichment was determined
(Figure 4). Both Fe(Il) and nitrate were consumed
during the incubation with a molar ratio of Fe(II) to
nitrate of 1:0.23 at each time point measured. No
N,O production was observed in these incubations.
Uninoculated and killed controls did not show
Fe(II) or nitrate consumption. The T-RFLP profiling
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done at all time points showed the presence of the
single dominant 146 bp T-RF.

Estimation of TM3 Actinobacteria abundance in
sediment

Cloning and Sanger sequencing as well as pyrose-
quencing of 16S rRNA genes from Lake Grosse
Fuchskuhle sediment was performed to estimate
the abundance of TM3 Actinobacteria in the sedi-
ment. Sequencing was performed from four samples
taken from four different zones: SW littoral (SWL),
SW profundal (SWP), NE littoral (NEL) and NE
profundal (NEP). Ninety-six clone sequences from
each sample were obtained and none were found to
match closely to the TM3 Actinobacteria. Many of
the sequences had T-RFs of 146 bp, but these did not
belong to Actinobacteria (results not shown).
Sequences related to TM3 Actinobacteria were
obtained from each sample by pyrosequencing:
11 of 1047 sequences from SWL; 23 of 3444
sequences from SWP; 6 of 2743 sequences from
NEL; and 10 of 2369 sequences from NEP sediment.
Assuming average 16S rRNA gene copy numbers of
these organisms compared with the other community
members, this corresponds to an average abundance
of 0.57% of bacteria in the sediment. Quantification
of total bacterial 16S rRNA genes from SWL, SWP
and NEP sediment was performed by real-time PCR
and found to be 6.44 x 10° (£ 2.35 x 10%), 1.97 x 10°®
(£3.99x107) and 7.53 x 107 (£5.55 x 107) per gram



[ Uncultured Actinomycetales bacterium (X92696)
Uncultured Actinomycetales bacterium (X92692)

Fe(I1)-oxidizing Actinobacteria TM3
D Kanaparthi et al

Uncultured Actinomycetales bacterium (X92703)

Uncultured bacterium clone FW103 (AF524000)
Uncultured Actinomycetales bacterium (X92697)

Uncultured bacterium clone RCP1-34 (AF523911)

Uncultured Actinomycetales bacterium (X92695)

CloneAE19 (82bp TR-F)

Uncultured Actinomycetales bacterium (X92705)
Uncultured bacterium clone RCP2-105 (AF523913)
Uncultured Actinomycetales bacterium (X92708)

— Candidatus Microthrix parvicella strain BI017-1 (DQ147278)

Uncultured thermal soil bacterium (AF391981)
Actinobacterium strain WI25 (AY495954)

Uncultured bacterium clone RCP1-83 (AF523909)
Uncultured bacterium clone RCP1 68 (AF523908)
Ferrithrix thermotolerans strain YOO5 (AY140237)
Ferrimicrobium acidiphilum strain T23 (AF251436)

Uncultured bacterium clone RCP1-77 (AF523906)
Uncultured bacterium clone RCP1-33 (AF523914)
Acidimicrobium ferrooxidans strain TH3 (EF621760)
Acidimicrobium ferrooxidans (U75647)

Acid streamer iron-oxidizing bacterium KP1 (AY765991)
Acid streamer iron-oxidizing bacterium CS11 (AY765999)
Uncultured eubacterium TRA2-10 (AF047642)

™2

Candidatus Microthrix calida strain TN02-1 (DQ147277) _

Uncultured Actinomycetales bacterium (X92702)

CloneH16 (146bp TR-F)

CloneAEb (146bp TR-F)
CloneAE1 (146bp TR-F)
CloneH18 (146bp TR-F)

Uncultured Actinomycetales bacterium (AF523906)

Uncultured Actinomycetales bacterium clone TM177 (X92701)
Uncultured Actinomycetales bacterium clone TM167 (X92700)
Uncultured Actinomycetales bacterium clone TM262 (X92710)

Uncultured Actinomycetales bacterium clone TM122 (X92698)
Uncultured bacterium clone RCP2-103 (AF523917)
Uncultured bacterium FukuS5 (AJ290022)

™3

; Aquatic actinobacterial group "acl-VA'

E—

™1

; Aquatic Actinebacteria

L——— Cellulomonas cellasea (X83804)

0.10

—| Aquatic actinobacterial group 'acl-A'

4?' Aguatic actinobacterial group 'acl-B'

Figure 3 Neighbor-joining phylogenetic tree of Actinobacteria 16S rRNA gene sequences. Representative sequences obtained in this
study are shown (bold type). The T-RF sizes of the sequences are indicated.

of fresh sediment, respectively. Assuming the TM3
Actinobacteria sequences are 0.57% of the total, this
would correspond to between 4.3 x 10° and 3.7 x 10°
TM3 actinobacterial 16S rRNA genes per gram of
fresh sediment.

SIP

DNA-based SIP was performed to determine if the
TM3 Actinobacteria obtained in the enrichment
cultures could be detected by SIP in the sediment
using "*CO,. The sediment was incubated with

added CO, in the headspace with no additional
supply of nutrients to the sediment samples. A time-
course was performed and subsamples of the
sediment were taken after 3, 6 and 12 weeks.
Volatile fatty acid analysis by HPLC never showed
an accumulation of volatile fatty acids and the
incubations showed a delayed initiation of metha-
nogenesis (~10 weeks), which subsequently pro-
ceeded at a low rate (results not shown).

The DNA was isolated from the samples taken at
3-, 6- and 12-weeks and subjected to cesium
chloride centrifugation. The quantification of

1587

The ISME Journal



Fe(ll)-oxidizing Actinobacteria TM3
D Kanaparthi et al

14 5
12
4
10 1
= 33
= 84 £
E _—
= &z
~ ©
# B9 2 2
- Fe =
41 45 Fe® (killed cells)
—&— nitrate 1
2 4 -~ nitrate (killed cells)
0 - . - - r . 0
1 3 5 7 B 11 13

Time (days)

Figure 4 Characterization of Fe(I) and NO; consumption by the
actinobacterial enrichment culture.

bacterial 16S rRNA genes from the SIP-gradient
fractions showed the largest abundance in the light-
gradient fractions corresponding to densities
between 1.71 and 1.75gml "' in both the labeled
and control incubations (Figure 5). Relatively low
copy numbers of 16S rRNA genes were observed in
the heavy-gradient fractions ranging from 1.8 x 10°
to 2.2 x 10° in labeled CO, incubations and 1.6 x 10°
to 5.0 x 10* in the corresponding gradient fractions
of the controls. A similar trend was observed at all
the time points, indicating that the rate of growth
and labeling by the autotrophic microorganisms was
very low. T-RFLP fingerprinting was performed and
peaks of 69bp, 119bp, 146bp and 487bp were
found in heavy fractions only in the incubations
with ®CO, and unlabeled CO, (Figure 5). A more
diverse T-RFLP profile was observed from the light-
gradient fractions. A similar pattern was found after
3-, 6- and 12-weeks (results not shown).

Cloning and sequencing of 16S rRNA genes were
performed from light- and heavy-gradient fractions.
Clones from the heavy fraction with T-RF sizes
corresponding to the 119bp, 146bp and 487bp
fragments observed in the T-RFLP were obtained
(Figure 6). The clones corresponding to 119 bp T-RF's
were grouped among sequences from Gallionella
and Sideroxydans. The clones characterized by a
146 bp T-RFs were clustered with the Actinobacteria
TM3 sequences obtained from the enrichment
cultures and those characterized by a 487 bp T-RF
were grouped among sequences from the genus
Thiomonas. A more diverse set of sequences were
obtained from the light-gradient fractions, including
Planctomyces, Verrucomicrobia and Chloroflexi,
which are all previously reported to be abundant
in peat bogs (Dedysh et al., 2006; Kulichevskaya
et al., 2006, 2007). Several Methylocystis clones
were obtained from the light fractions and also had a
T-RF length of 146 bp.

A similar T-RFLP analysis of archaeal 16S rRNA
gene did not show differences between light and
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heavy fractions, indicating that Archaea were not
labeled during the SIP incubation (results not
shown).

Discussion

Previous studies on the profundal sediment of Lake
Grosse Fuchskuhle have shown a relatively low rate
of methanogenesis and a less diverse methanogenic
archaeal community compared with other fresh-
water lakes (Chan ef al., 2002; Casper et al., 2003;
Conrad et al., 2010). A similar trend was observed in
this study with the littoral sediment showing a
relatively poor methanogenic potential (Figure 1).
The low-rate of methanogenesis in this sediment
might be attributed to favorable conditions for Fe(III)
reduction. Indeed, the iron depth-profile of the
sediment (Figure 1) showed the presence of biolo-
gically available Fe(Ill) in the top 15cm of the
sediment at concentrations sufficient to suppress
methanogenesis (Roden and Wetzel, 1996). A max-
imum rate of methanogenesis was found at the
sediment depth of 15-20 cm, which is similar to an
earlier study (Chan et al., 2002) and might be
attributed to a relatively high concentration of Fe(Il),
which is known to be capable of inhibiting Fe(III)
reduction (Roden and Zachara, 1996; Roden and
Urrutia, 1999). Although our results have suggested
that Fe(IIl) reduction could be having a role in the
mineralization of sediment organic matter, the long-
term sustainment of Fe(III) reduction in anoxic
zones requires a continuous recycling of Fe(IlI) from
Fe(Il) by anaerobic Fe(II)-oxidizing bacteria.

In order to isolate and characterize the chemo-
lithotrophic Fe(Il)-oxidizing bacteria in Lake Grosse
Fuchskuhle, we performed incubations according to
the procedure described by Straub and Buchholz-
Cleven (1998), which resulted in the enrichment of
TM3 group of uncultured Actinobacteria, phylogen-
etically close to the sequences previously reported
from the same basin of this lake (Glockner et al.,
2000). Previous culture-independent studies have
revealed the presence of deeply branching phyloge-
netic groups of Actinobacteria from various terres-
trial and marine environments (Liesack and
Stackebrandt, 1992; Colquhoun et al., 1998; Wohl
and McArthur, 1998). These actinobacterial groups
from soil have been designated as TM, forming three
major clusters TM1, TM2 and TM3 (Rheims et al.,
1996). Actinobacteria belonging to groups TM2 and
TM3 in particular have been reported from various
environments worldwide and with a greater abun-
dance in low-pH environments such as peat bogs
(Rheims et al., 1999). Due to their ubiquitous
distribution, they are believed to be contributing to
ecologically important processes (Felske et al., 1997;
Rheims et al., 1999). Studies have shown that these
Actinobacteria are metabolically active (Felske
et al., 1997), slow-growing and easily overgrown
under enrichment conditions (Rheims et al., 1999).
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Figure 5 T-RFLP fingerprinting of density resolved bacterial 16S rRNA from the 6-week time point. (a) Incubation with **CO, and (b)
control with unlabeled CO,. The densities of the fractions are given in right top of each fraction as gml " values. The fractions with
densities greater than 1.76 gml ' were considered heavy. The sizes of the major T-RFs are indicated.

Cultivation attempts have led to the isolation of
representatives related to the TM2 group, namely
Ferrithrix thermotolerans (Johnson et al.,, 2009),
Ferrimicrobium acidiphilum (Johnson et al., 2009)
and Acidimicrobium ferrooxidans (Clark and Norris,
1996), all of which are autotrophic iron-oxidizers;
however, until now the TM3 Actinobacteria lacked
cultivated representatives.

Characterization of the TM3 group Actinobacteria
by incubations with different combinations of Fe(II),
nitrate, acetate and CO, showed that a combination
of Fe(Il), nitrate and CO, were required for growth.
Repeated attempts to isolate the Actinobacteria in
pure culture by serial dilution of the enrichment
neither showed growth nor a reduction in Fe(Il) in
the dilutions greater than 10~*. Other attempts to
modify the medium like using EDTA-chelated Fe(II)
or removal of phosphate buffer, to prevent the
formation of white precipitate, did not lead to an
enrichment of the Actinobacteria. The role of ferrous
phosphates on the growth of Fe(Il)-oxidizing bac-
teria is currently unknown, however, a similar
phenomenon was reported earlier (Straub et al.,
2004).

A time-course of Fe(Il) oxidation and nitrate
consumption performed with the actinobacterial
enrichment was in good agreement with the
expected stoichiometry required for nitrate-depen-
dent Fe(Il) oxidation (Figure 4). The molar ratio of

Fe(II) to nitrate consumed was 1.00:0.23 at all time
points compared with the ideal ratio of 1.00:0.20.
This slightly higher ratio of Fe(Il) to nitrate con-
sumed could be due to utilization of some nitrate for
growth. Abiotic Fe(II) oxidation with nitrate, nitrite
or nitrous oxide would not be possible under the
incubation conditions due to acidic pH and absence
of copper in high concentrations (Buresh and
Moraghan, 1976; Langmuir, 1997). Denitrification
and abiotic oxidation of Fe(Il) by nitrate was
unlikely because of the lack of any nitrous oxide
in the incubations. No accumulation of ammonia
was observed indicating no reduction of nitrate to
ammonia. These results indicate that the TM3
actinobacterial enrichment was capable of Fe(Il)
oxidation coupled to nitrate reduction.

The quantification of nitrate-dependent Fe(II)-
oxidizing microorganisms in the sediment could
not be done by molecular methods due to the
absence of a suitable functional marker gene or
16S rRNA primers for this group. For this reason, an
MPN method was used and the results showed the
presence of 1 x 10* autotrophic and 1 x 10” hetero-
trophic nitrate-dependent Fe(II) oxidizers per gram
fresh weight of sediment. These results are in
accordance with previous findings that the hetero-
trophic outnumber the autotrophic Fe(Il)-oxidizers
by several orders of magnitude in lake sediments
(Straub and Buchholz-Cleven, 1998b; Hauck et al.,

1589

The ISME Journal



Fe(ll)-oxidizing Actinobacteria TM3

'@ D Kanaparthi et al

1590

Uncultured actinobacterium (F/477629)
Uncultured actinobacterium (EU038011)
CloneH14 (82bp T-RF)
Uncultured actinobacterium (AJ519394)
Uncultured Acidimicrobiaceae (AM749755)
Uncultured actinobacterium (AY395413)
Ferrimicrobium acidiphilum (AF251436)
Ferrithrix thermotolerans strain Y005 (AY140237)
Acidimicrobium ferroxidans (U75647)

CloneH11 (146bp T-RF)

CloneH5 (146bp T-RF)
Uncultured bacterium FukuS5 (AJ290022)
Uncultured actinobacterium (AY792236)

Thiomonas
Thiomonas sp. DM-Cd6 (DQ419963)
CloneH (487bp T-RF)
Thiomonas
Acidivorax
Acidivorax temperans (AF078766)
Acidivorax valerianellae (AJ431731)
Gallionella enrichment clone MWE_N26 (FJ391498)
Sideroxydans lithotrophicus ES-1 (DQ386264)
CloneH2 (119bp T-RF)
CloneH4 (119bp T-RF)
Uncultured Gallionella sp. (AB252929)
Sideroxydans paludicola (DQ386858)
Gallionella ferruginea (LO7897)
Uncultured Gallionella sp. (FM877996)
Ferritrophicum radicicola (DQ386263)
—— Clonel12 (159bp T-RF)
CloneH13 (176bp T-RF)
Methylocella
Methylocystis hirsuta (DQ364433)
Methylocystis rosea (AJ414656)
Clonel23 (146bp T-RF)
ClonelL24 (146bp T-RF)
Methylocystis heyeri (AM283543)
Bradyrhizobium
Pseudolabrys taiwanensis (DQ062742)
Hyphomicrobium
Alphaproteobacteria
Clonel43 (135bp T-RF)
Acidiphilium
Acidicaldus rubrifaciens (D86512)
Acidicaldus organivorans (AY140238)

Clonel18
ClonelL40

Acidobacteria

Verrucomicrobia ®

Chloroflexi m

Leptospirillum

Firmicutes

Caldithrix

Deltaproteobacteria

{ Epsilonproteobacteria

Planctomycetes m

Bacteroides m

{7 Methanosarcing

0.10

Figure 6 Neighbor-joining phylogenetic tree of the 16S rRNA gene clone sequences from the heavy (CloneH) and light (CloneL) SIP-
gradient fractions. Square symbols next to collapsed clades indicate that clones from the light fractions are contained within.
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2001; Muehe et al., 2009); however, the quantifica-
tion by this approach will be an underestimation
due to the selective nature of enrichment media and
incubation conditions. The different microbial com-
munity composition in both autotrophic and hetero-
trophic MPN tubes suggest that these processes are
mediated by different groups of organisms.

In addition to MPN assays, we used a combination
of real-time PCR and amplicon pyrosequencing to
quantify TM3 Actinobacteria in Lake Grosse Fuchs-
kuhle sediment. This indicated TM3 group Actino-
bacteria 16S rRNA genes could account for ~0.6%
of total bacterial sequences in the lake sediment. On
the basis of the comparison of these results with the
bacterial quantifications by real-time PCR, the
number of these Actinobacteria would correspond
to 10° cells per gram of wet sediment. According to
the rate of nitrate-dependent Fe(II)-oxidation per
cell estimated by Melton et al. (2012), these organ-
isms could be contributing significantly to the
regeneration of Fe(IIl) in the sediment.

SIP under anoxic conditions using '*CO, was
performed in order to investigate the potential
importance of TM3 Actinobacteria in situ. The same
Actinobacteria TM3 organisms that were obtained in
the enrichment cultures were labeled in the **CO,
SIP incubations, indicating that these are important
autotrophic organisms in this sediment. In addition,
organisms related to Gallionella and Sideroxydans
species as well as Thiomonas were labeled. The fact
that the T-RFLP profiles in the heavy fractions did
not change over the time-course suggests that cross-
feeding of the **C did not occur, which is a common
phenomenon observed in many SIP studies invol-
ving long incubation times (Lueders et al., 2004; Qiu
et al., 2009). Probably, the relatively low abundance
of labeled organisms was insufficient to provide
carbon to the community and observe cross-feeding
of heterotrophic organisms. The quantification of
bacterial 16S rRNA genes from the SIP-gradient
fractions showed a large abundance in the light
fractions compared with the heavy-gradient frac-
tions. A similar trend was observed in all the time
points, indicating the labeling of a relatively small
fraction of the sediment microbial community and a
slow rate of growth of these organisms.

Gallionella were the first microorganisms shown
to be Fe(ll) oxidizers (Ehrenberg, 1836). They are
known to be prevalent in groundwater systems and
mineral springs (Hanert, 2006) and are capable of
both autotrophic and mixotrophic growth (Hallbeck
and Pedersen, 1991). Sideroxydans spp. are pre-
valent in iron-rich environments and prefer micro-
aerophilic conditions (Emerson and Moyer, 1997;
Weiss et al., 2007); furthermore, they have been
detected in acidic peatlands indicating that some
species are acidophilic or acid-tolerant (Liidecke
et al., 2010). A previous study indicated that
Gallionella ferruginea could perform autotrophic
nitrate-dependent Fe(Il) oxidation (Gouy et al.,
1984), but no further studies with Gallionella have

Fe(I1)-oxidizing Actinobacteria TM3
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investigated this capability; however, studies have
shown a complex distribution of Gallionella in
relationship to the redox zonation in wetland soils
(Wang et al., 2009), which is consistent with the
existence of anaerobic phylotypes.

Members of genus Thiomonas are metabolically
versatile with autotrophic, mixotrophic and hetero-
trophic physiologies and are capable of deriving
energy by oxidation of reduced inorganic sulfur
compounds or As(III) (Battaglia-Brunet et al., 2002;
Duquesne et al., 2007). They are common inhabi-
tants of extreme environments such as acid mine
drainage, which have a low pH and high concentra-
tions of sulfur and metals, such as iron and arsenite
(Bruneel et al., 2003; Duquesne et al., 2008). The
labeling of Thiomonas in our SIP experiment
indicates that they also might be important anaero-
bic autotrophs in Lake Grosse Fuchskuhle sediment.

The fast growth of TM3 Actinobacteria under
enrichment conditions compared with the SIP
incubations could be due to the higher concentra-
tion of nitrate provided in the enrichments com-
pared with that naturally present in the sediment.
Our measurements have shown the presence of a
low concentration of nitrate in the sediment, but the
source of nitrate is not clear. Studies have indicated
areduced rate of denitrification (Nagele and Conrad,
1990; Simek and Cooper, 2002) and a longer
retention of nitrate (Miiller et al., 1980) in low-pH
environments. Moreover, ammonia oxidation within
the rhizosphere of macrophytes could be a contin-
uous source in the top 10cm of the sediment
(Herrmann et al., 2009). Due to these factors, we
assume that there could be a continuous supply of
nitrate in low concentrations to facilitate nitrate-
dependent Fe(Il) oxidation in Lake Grosse
Fuchskuhle.

In summary, our results have indicated the
chemolithotrophic nitrate-dependent Fe(Il)-oxidiz-
ing nature of the TM3 group of uncultured soil
Actinobacteria, which are widely distributed and
whose function was previously unknown. The
labeling of species related to the genera Gallionella,
Sideroxydans and Thiomonas, which are capable of
Fe(Il) oxidation, suggests that Fe(Il) oxidation is an
important process in Lake Grosse Fuchskuhle sedi-
ment and may explain the relatively low-methano-
genic potential of this lake. Although TM3
Actinobacteria may represent less than 1% of the
bacterial community in the sediment, they could be
of great functional significance in this environment
due to their contribution to the regeneration of
Fe(IM) that is essential for iron-reducing microorgan-
isms, which have an important role in the miner-
alization of sediment organic matter.
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